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Studies  have  indicated  that  purified  soluble  polysaccharide  antigens  can  elicit 
T  cell-independent  Ig  responses  in  vivo ,  although  these  responses  can  be 
modulated  by  T  cells  in  a  noncognate  manner.  Relatively  little  is  known, 
however,  concerning  the  parameters  that  regulate  polysaccharide-specific,  as 
well  as  protein-specific,  Ig  isotype  responses  to  an  intact  extracellular 
bacterium.  Using  the  murine  in  vivo  humoral  response  to  intact  Streptococcus 
pneumoniae  as  a  model  it  can  be  shown  that  CD4+  T-cell  receptor  a(3+  T  cells 
deliver  help  for  both  polysaccharide-  and  protein-specific  Ig  responses. 
However,  these  responses  differ  fundamentally  in  their  mechanism  of  action. 
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Relatively  I  ittle  is  known  concern  i  ng  the  parameters 
that  mediate  polysaccharide-  and  protei  n-specific  I  g 
isotyperesponsestoextracellular  bacteria.  I n 
particular,  much  of  our  current  understandi  ng  of  I  g 
responses  to  polysaccharides  has  come  from  studies 
utilizing  purified  solublepolysaccharides,  with  or 
without  haptenati  on12.  The  i  nabi  I  i ty  of  sol  ubl  e 
polysaccharidestobindtoMHC  molecules3,  in 
contrast  to  protei  n  antigens,  results  i  n  thei  r  lack  of 
recruitment  of  cognate  T-cell  help,  although 
noncognateforms  of  T-cell  helpcan  still  modulate 
these  responses.  H  owever,  these  studies  might  not  be 
wholly  applicabletoour  understanding  of  the 
mech  a  n  i  sms  t  h  at  r egu  I  at e  I  g  r espon ses  to  t  h e 
polysaccharides  and  protei  ns  expressed  by  an 
ant i  gen  i  ca 1 1  y  compl  ex,  i  ntact  bacter  i  u  m. 

Thestructural  features  of  Streptococcus 
pneumoni  aethat  are  relevant  to  the  studies  descri  bed 
i  n  this  Opi  ni on  are  i  1 1  ustrated  i  n  F  i g.  1.  The  majority  of 
our  studies  were  conducted  using  a  nonencapsulated 
mutant  of  S.  pneumoni aecapsular  type 2  (strain 
R36A)1213,  which  was  heat-killed  before  use.  The 
induction  of  expression  of  serum  I  g  isotypes  specific  for 
the  cel  I  -wal  I  protei  n  pneu  mococcal  su  rface  protei  n  A 
(PspA)  and  the  phosphorylchol  i  ne  (PC)  determi  nant  of 


the  cel  I  -wal  I  tei  choi  c  aci  d,  was  determi  ned  by  E  L I SA 
(Ref.  14).  Selected  studies  al  so  determi  ned  I  g  isotype 
responses  specific  for  pneumococcal  su  rface  adhesin 
(PsaA)  and  pneu  mol  ysin  and,  through  the  use  of 
S.  pneumoniae  capsular  type  14, 1  g  responses  to  the 
Pnl4 capsular  polysaccharide. 

Kinetics  and  memory 

Theanti-PC  response toS.  pneumoni aeR36A  shows 
morerapid  kinetics  than  theanti-PspA  response1415. 
Speci fical  ly,  serum  anti-PC  titers  arefi  rst  detected  on 
day  four  and  peak  at  day  six,  whereas  serum  anti- 
PspA  titers  arefi  rst  observed  on  day  six  and  peak  at 
day  ten.  PspA-  but  not  PC-specific  memory  is 
generated14.  Thus,  boosting  with  R36A  results  in  an 
i  ncrease  i  n  anti  -PspA  titers  by  10-40  fol  d  over  that 
observed  for  the  pri  mary  response,  whereas  I  ittle 
further  increase  in  anti-PC  titers  is  observed.  I  n  this 
regard,  theanti-PC  andanti-PspA  responses  are 
similar  to  classical  anti  polysaccharide  and 
anti  protein  I  g  responses,  respectively,  to  purified 
sol  u  bl  e  anti  gens12.  S  u  bsequent  studi  es  were  desi  gned 
to  determine  if  different  mechanisms  regulated 
i  mmune  responses  to  the  polysaccharide  and  protei  n 
determi  nants  of  the  bacteri  um. 

T-cell  subsets 

E  ar  I  i  er  studi  es  usi  ng  mi  ce  that  were  i  mmu  nodefi  ci  ent 
as  a  result  of  a  defective  gene  encoding  Bruton's 
tyrosi  ne  ki  nase  (Xid  mice)  demonstrated  that  I  g 
responses  to  polysacchari  de  anti  gens,  i  ncl  udi  ng  the 
PC  determinant,  were  absent  but  responses  to  protein 
anti  gens  were  i  ntact,  suggesti  ng  differ enti  al 
regulation  of  these  two  responses16-17.  Both 
polysaccharide  and  protein  responses  were  poor  in 
mi  ce  wi  th  the  nu/  nu  genotype  (athymi  c  mi  ce  wi  t h 
markedly  reduced  T-cell  numbers),  suggesting  a  role 
forT  cells  in  thesetwo responses.  Nodetailed  studies, 
however,  have  been  published  that  descri bethe 
parameters  that  regulate  polysaccharide-  versus 
protei  n-speci  fi  c  I  g  i  sotype  responses  to  an  i  ntact 
extracel  I  ular  bacteri  um.  We  found  that  both  the  I  gG 
anti-PC  and  IgG  anti-PspA,  as  well  astheanti-PsaA 
and  anti  pneu  mol  ysi  n,  responses  to  R36A  are 
dependent  on  TC  R-a(3+,  but  not  T C  R-y5+,  T  cel  I  s,  as 
demonstrated  usi  ng  mi  ce  geneti  cal  ly  defi  ci  ent  i  n 
either  theTCR  (3  chai  n  or  5  chai  n14  (Z-Q.  Wu, 
unpublished).  A  role  for  TCR-y5+T  cells  might  have 
been  anticipated  for  theanti-PC  response  given  the 
roleofthesecellsin  responses  to  non  protein  bacterial 
antigens18.  Whereas  theanti-PspA,  anti-PsaA  and 
anti  pneumolysin  IgG  responses  were  completely 
abrogated inTCR-p-7- mice,  theanti-PC  IgG  response 
was  typically  reduced  between  five  and  seven  times, 
but  with  littleor  noreduction  in  serumtitersof  anti- 
PC  I  gM.  Both  CD4+  and  CD8+T  cel  Is  appear  to  be 
requi  red  for  opti  mal  T-cel  I  hel  p  for  the  i  nduction  of 
PC-specific  I  g,  whereasCD4+T  cells,  but  notCD8+ 

T  cel  Is,  are  requi  red  for  the  anti  body  response  to  PspA 
(Ref.  14). 
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Fig.  L  The  structural  features  of  Streptococcus  pneumoniae.  The  bacterium  consists  of  a  plasma 
membrane,  cell  wall  and,  typically,  a  polysaccharide  capsule4  5.  The  cell  wall  is  composed  of  a 
peptidoglycan  backbone,  which  anchors  the  capsular  polysaccharide  and  also  serves  to  bind  the  cell- 
wall  C-polysaccharide  (teichoic  acid).  Phosphorylcholine  (PC)  residues  are  covalently  linked  to  the 
teichoicacid  and  bind  several  pneumococcal  proteins  through  their  PC-binding  domains.  The  cell 
membrane  also  anchors  a  number  of  molecules  including  lipoteichoicacid  (LTA).  LTA  contains  a 
hydrophobic  glycolipid  anchor  that  mediates  binding  to  the  plasma  membrane  and,  like  teichoic  acid, 
contains  PC  residues.  The  teichoic  acid  of  LTA  is  chemically  identical  to  the  nonlipidated  teichoic  acid. 
In  addition,  pneumococcal  surface  adhesin  A  (PsaA),  being  a  lipoprotein,  is  also  anchored  to  the 
plasma  membrane.  Several  pneumococcal  molecules,  including  pneumococcal  surface  protein  A 
(PspA),  pneumococcal  surface  adhesin  A  (PsaA),  pneumolysin,  PC  and  capsular  polysaccharide,  could 
serve  as  useful  targets  for  protective  vaccines  against  S.  pneumoniae 6~n. 


Non-cognate  T-cell  help  for  the  anti-PC  response 

Although  both  theanti-PC  and  anti -PspA  antibody 
responses  are  dependent  on  C  D4+  TC  R-ap+  T  cel  I  s,  the 
fact  that  PC  is  covalently  I  inked  toteichoicacid,  a 
nonprotein  cell  wall  constituent,  raises  an  important 
question  concerningthe  mechanism  by  which  this 
T-cell  help  isdelivered.  Our  initial  hypothesis  was  that 
the  bacteri  um  might  behave  functional  ly  I  i  kea 
protei  n-  pd  ysacchar i  de  conj  ugateI * * * S * * * * * * * * * * * * * 19.  S peci fi  cal  I  y, 
protei  ns  expressed  by  i  ntact  R36A  or  fragments  of 
degraded  R36A-containingteichoicacid  might  be 
internalized  by  PC-specific  B  cel  Is  and  then  presented 
as  pept  i  de-  M  H  C  cl  ass  1 1  compl  exes  to  sped  f  i  c  T  cel  I  s. 
Toaddressthis  issue,  weused  a  mouse  model  in  which 
the  H  -Y  (mal  e  anti  gen)-T C  R  transgeni  c  i  nsert  was 
introduced  into theTCR-or/_  mouse20  (mice were 
obtai ned from Osami  Kanagawa,  Washi ngton 
University  Schod  of  Medicine,  St  Louis,  MO,  USA). 
These  mice  express  noendogenousTCR,  but  possess 
relatively  normal  numbersofCD4+andCD8+T  cells 
and  have  normal  numbers  of  B  cel  Is.  When  H  -Y-a ~'~ 
miceareimmunized  with  R36A,  no  detectable  anti - 
PspA  response  is  observed  (Z-Q.  Wu  eta/., 


unpublished),  consistent  withtheabsenceof  MHC- 
restri  cted  anti  gen-speci fi  cT-cel  I  hel  p  predi  cted  for  th i s 
mouse  model .  The  absence  of  an  anti  body  response  to 
PspA  isassociated  with  a  compl  eteabsence  of  germinal 
center  formation.  By  contrast,  theanti-PC  responseto 
R36A  in  H-Y-cr/_  mice  was  similar  to  controls.  When 
H-Y-or/_  mice  are  acutely  depleted  ofT  cells  before 
R36A  immunization,  a  significant  reduction  in  R36A- 
i  nduced  serum  anti -PC  titers  is  observed,  comparable 
tothat  seen  in  acutely  T-cell -depleted  wild-type  mice. 
Thus,T  cel  Is  appear  to  augment  the  anti -PC  response 
i  n  a  T C  R-nonspecifi  c  manner  and  i  n  the  absence  of 
germinal  center  formation,  consistent  with  thelack  of 
P  C  -sped  f  i  c  memory. 


. .  little  is  known  regarding  the  role 
of  DCs  in  inducing  in  vivo  Ig  isotype 
responses  to  intact  extracellular 
bacteria.../ 


I  n  collaboration  with  Harold  Chapman 

(University  of  California  at  San  Francisco,  San 

Francisco,  CA,  USA)  wealsotested theability of 
cathepsin  S-/-  micetoinduceanti-PC  and  anti-PspA 

responses  to  R36A.  Anti  gen-presenti  ng  cel  I  s  that 
lack  the  protease  cathepsin  S  are  unable  to  process 
the  M  H  C  cl  ass  1 1  -associ  ated  i  n  vari  ant  chai  n  beyond 
a  10  kDa  fragment,  resulting  in  a  delay  in  peptide 
I oadi  ng21.  These  mi ce  were  previ ously  shown  to 
contain  normal  numbers  of  B  andT  cells,  but  are 
significantly  defective  i  n  specific  I  gG  responses  to 
protein  antigen  in  adjuvant.  We  observed  that 
cathepsin  S-/-  mice  have  reductions  in  anti-PspA 
anti  body  titers  of  >4  ti  mes  i  n  response  to  R36A 
(Z-Q.  Wu  eta/.,  unpublished).  By  contrast,  cathepsin 

S_/-  micehavea  normal  anti-PC  response. These 

data  suggest  that,  uni  ike  the  anti-PspA  response, 
theanti-PC  response  might  not  requirethe 

generati  on  of  new  M  H  C  cl  ass  1 1  -  pept i  de  compl  exes, 

consi  stent  with  the  rol  e  of  TC  R-nonspeci  f  i  c  T  cel  I  s  i  n 

augmenting  this  response. 

Dendritic-cell  presentation  of  5.  pneumoniae  in  vivo 

Thedendriticcell  (DC)  is  considered  to bethe 

domi  nant  anti  gen-presenti  ng  cel  I  (APC)  for  the 

i  nduction  of  pri  mary  T  cel  I  -dependent  i  mmune 

responses  in  naive  mice22-24.  However,  littleis  known 

regardi  ng  the  rol  e  of  DCs  i  n  i  nduci  ng  in  vivo  I  g  i  sotype 

responses  to  intact  extracellular  bacteria  and,  in 

particular,  the  mechanism  by  which  solubleor 

microbial  cel  I -associ  ated  polysaccharideantigensare 

presented  totheimmunesystem.  Wegenerated  a 

rel  at i  vel  y  pu  re  popu  I  at i  on  of  i  mmatu  re  C  D  lie C  D  8~ 
(myeloid)  DCs  by  culturing  DC-enriched  bone  marrow 
(B  M )  cel  I  s  i  n  granul  ocyte-  macrophage  col  ony- 

sti  mul  ati  ng  factor  (G  M  -CSF ).  DCs  were  i  ncu bated 
in  vitro  with  type  14S.  pneumoniae,  washed 
thoroughly  to  removefree  bacteria  and  injected 
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intravenously  into  naive  mice.  S.  pneumoni ae-pulsed 
DCs  elicit  a  primary  anti-PspA  response  as  well  as 
P  spA-speci  f  i  c  memory  (J .  C  ol  i  n o  e£  a/ . ,  u  n  pu  bl  i  sh  ed ) . 

I  n  addition,  pulsed  DCs  elicit  both  an  anti-PC  and 
anti  -P  n  14  response.  A 1 1  th  ree  responses  requ  i  re  vi  abl  e 
DCs.  I  mportantly,  both  the  primary  anti-PspA  and 
anti-PC  responses  elicited  by  pulsed  DCsareT  cell- 
dependent. 

.  .the  anti-PC  response  involves 
noncognate  activation  of 
TCR-nonspecific  T  cells.' 


DCs  from  M  H  C  cl  ass  1 1  mi  ce25  that  were  pul  sed 
with  S.  pneumoniae  and  transferred  into  naive  mice, 
are  markedly  defective  at  eliciting  a  primary  anti-PspA 
response,  as  wel  I  as  PspA-specifi c  memory  (J .  Cd  i  no 
eta/.,  unpubl  ished).  By  contrast,  DCs  lacki  ng  M  H  C 
class  1 1  elicit  an  anti-PC  response  comparable  to  that 
observed  usi  ng  wi  I  d-type  DCs.  I  n  a  compl  ementary 
study,  pulsed  DCs  transferred  into  an  allogeneic 
recipient  fail  toelicit  an  anti-PspA  response  but  induce 
an  anti-PC  response comparableto that  observed  when 
the  same  DCs  are  transferred  i  nto  a  syngenei  c  host. 
Thesedataarethus  consistent  with  the  notion  that  the 
anti-PspA  response  requ i  res  cognate  MHCclassll- 
restricted  interactions  between  DCs  and T  cells, 
whereas  the  anti  -PC  response  i  nvol  ves  non  cognate 
activation  of TCR-nonspecificT  cells. 

Costimulation  requirements  for  the  induction  of  anti- 
PC  and  anti-PspA  responses 

In  light  ofthedistinctformsofT-cell  help  that 
mediatetheanti-PC  and  anti-PspA  responses,  we 
reasoned  that  costimulatory  interactions  between 
theseT  cells  and  APCs  could  alsodiffer.  I  n  this 
regard,  injection  of  a  blocking  anti -CD40  ligand 
(CD40L )  anti  body  (M  R 1)  compl  etel  y  abrogates  the 
anti-PspA  response  to  R36A,  but  has  little,  or  only  a 
modest,  effect  on  theanti-PC  response  (P.  Zelazowski 
etal.,  unpublished).  Similar  effects  of  MR1  were  also 
observed  by  Hwang  etal.26  in  studies  using 
S.  pneumoni aetype6B.  CrosslinkingofCD40on  DCs 
byCD40L  on  activatedT  cells  induces  DC  activation 
and  maturation27-29.  Whether  CD40  is  required  for 
DC  function  in  wVowill  depend  upon  thenatureof  the 
immunogen.  S.  pneumoni  ae-pulsed  CD40-7-  DCs  are 
markedly  defective  i  n  el  iciti  ng  both  a  pri  mary  anti- 
PspA  responseand  PspA-specific  memory,  when 
transferred  into  naive  mice  (J  .  Col  i  no  etal., 
unpublished).  By  contrast,  CD40-7-  DCs  elicit  an  anti- 
PC  responsethat  is  comparabletothat  observed  for 
wi  I  d-type  DCs.  Thus,  ou r  C  D40L  bl  ockade  studi  es 
and  the  use  of  C  D40-/-  DCs  further  support  the  noti  on 
of  different  mechanisms  of  T-cel  I  hel  p  for  the  anti- 
PspA  versus  theanti-PC  antibody  responses. 

The  i  nduction  of  T-cel  I  effector  functions  general  I  y 
requ i  res  two  si  gnal  s;  one  si  gnal  del  i  vered  through  the 


TCR  by  MHC- peptide  compl  exes  on  theAPC  and  the 
other  through  a  costimulatory  molecule,  generally 
CD28,  which  binds  to  B  7-1  and/or  B7-2on  theAPC 
(Refs  30,31).  To  determine  a  rolefor  B  7-dependent 
costimulation  in  theanti-PC  and  anti-PspA  responses 
to  R 36A ,  we  ut i  I  i  zed  cytotoxi  c  T I  ymphocyte  anti  gen  4 
I  g  (CTLA4I  g),  a  solublefusion  protein  that  binds  to 
both  B  7-1  and  B7-2  on  theAPC  and  prevents  the 
interaction  of  these  molecules  with  CD28andCTLA4 
on  theT  cel  1 32.  CTL  A4I  g  compl  etely  abrogates  the 
primary  anti-PspA  response  and  the  generation  of 
PspA-specific  memory,  and  reduces  theanti-PC 
response  by  >5  ti  mes14'15.  This  is  associated  with  a 
complete  inhibition  of  germinal  center  formation.  A 
similar  reduction  in  theanti-PC  response  is  observed 
when  CTLA4I  g  is  admi  nistered  to  H  -Y-cr/_  mice 
immunized  with  R36A.  The  pri  mary  anti-PC  and 
anti-PspA  responses  are  also  reduced  in  micetreated 
with  anti -B 7-2,  but  not  anti -B 7-1,  monoclonal 
antibodies  (mAb),  and  in  mice  genetically  deficient  in 
CD28  (Ref.  15).  Thus,  despite  the  noncognate  nature 
oftheT-cell  help  for  the  anti -PC  responsetoS. 
pneumoniae,  an  interaction  between  B7-2  and CD28 
i  s  sti  1 1  requ  i  red,  si  mi  I  ar  to  that  observed  for  the  anti  - 
PspA  response. 

Studies  in  which  the  timing  of  injection  of 
CTLA4I  g  (Ref.  15)  or  anti-CD4  and  anti-CD8  mAbs 
was  var  i  ed,  i  ndi  cate  that  the  ki  neti  cs  of  del  i  very  of 
theseformsofT-cell  help  are  different.  Thus,  the 
requi rement  for  costi mulation  for  an  opti mal  anti-PC 
response  i  s  compl  ete  wi  t h  i  n  one  to  two  days  after 
R  36A  i  mmu  n  i  zat  i  on ,  whereas  the  costi  mu  I  at  i  on 
requi  rement  for  anti-PspA  continues  until  days  five  to 
six.  Similarly,  T-cel  I  help  for  an  opti  mal  anti-PC 
response  is  requi  red  onlyduringthefi  rst  three  to  four 
days,  whereas  seven  to  eight  days  are  requi  red  for  the 
T  cel  I -dependent  induction  of  opti  mal  PspA-specific 
I  g.  Thus,  theT-cell  help  for  an  opti  mal  anti-PC 
response  is  deli  vered  more  rapidly  than  that  required 
for  an  optimal  anti-PspA  response. 

Concluding  remarks 

The  mechanism(s)  underlyi  ng  the  noncognateT-cel  I 
helpfor  theanti-PC  response  are  currently  a  matter 
of  conjecture.  H  owever,  the  requi  rement  for  B  7-2- 
dependent  costimulation  to  mediate  this  help 
suggests  that  T  cel  I  s  expressi  ng  C  D28  physi  cal  ly 
interact  with  B  cells,  macrophages  and/or  DCs 
expressing  B  7-2.  This  physical  interaction  is  likely  to 
occur  opti  mal  ly  i  n  the  parafol  I  icular  T-cel  I  zones  of 
secondary  lymphoid  organs,  wherethesecellsare 
known  to  I ocal  ize early  i  n  an  i  mmune  response. 
Optimal  B7-dependent  costimulation  typically 
requires  upregulation  of  B7  on  theAPC.  Bacterial 
DNA,  peptidoglycan  and  lipoteichoicacid,  which  are 
all  expressed  byS.  pneumoniae,  can  bind  distinct 
Tol  I  -I  i  ke  receptors  (TL  Rs)  on  APCs  (Ref.  33).  TL  Rs 
mediatea  signaling cascadethat  results  in  nuclear 
factor  (NF)-kB  translocation  tothe  nucleus,  resulting 
in  part  in  upregulation  of  B7. 1  n  addition,  TLR 
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activation,  through  APC  contact  with  pathogen,  will 
i  nduce  the  rel  ease  of  mu  I  ti  pi  e  cytoki  nes  that  can 
further  costimulate T  cells.  SpecificTCR  recognition 
of  foreign  peptides  does  not  appear  to  pi  ay  a  role  in 
theanti-PC  response.  Nevertheless,T  cells 
continually  receive  low-level  TCR-mediated  signals 
through  recognition  of  theself-peptide-M  HC 
compl  exes  on  wh i  ch  theT  cel  I  s  have  been  sel  ected  i  n 
the  thymus3435.  This  sub-threshold  signaling,  in 
concert  with  B 7-dependent  and  cytokine-mediated 
costimulation,  might  trigger  sufficientT-cell  effector 
function  for  PC-specificB-cell  costimulation. 

T  cells,  once  activated,  could  either  directly  or 
indirectly costimulatePC-specificB  cells,  which 
ostensibly  also  receive  potent  signals  through  their  B- 
cell  receptors.  Specifically,  the  PC  moiety  is  expressed 
in  a  repetitive  manner  on  theteichoicacid  present 
within  the  bacterial  cell  wall,  and  thus  might  mediate 
multivalent  membrane  I  g  (ml  g)  cross-1  i  nki  ng  on  the 


PC-specific  B  cel  I .  We  previously  reported  that  such 
potent  ml  g  si  gnal  i  ng  i  nduces  B-cel  I  responsiveness  to 
multiplecytokines,  as  well  as  microbial  adjuvants,  for 
the  induction  of  B-cel  I  maturation  and  I  gel  ass¬ 
switching36.  Thus,  the  rel  ease  of  cytoki  nes  by 
activatedT  cellseither  in  contact  with,  or  in  close 
proximityto,  ml g-activated  PC-specific B  cellscould 
augment  theanti-PC  response.  Additionally,  the 
induction  of  tumor  necrosis  factor  (TN  F)  and  or  TN  F 
receptor  fami  I  y  members  on  acti  vated  T  cel  I  s,  i  n 
contact  with  PC-specific  B  cells,  could  further 
costimulate  B-cel  I  activation37.  For  example,  CD27, 
CD  30  and  0X40  ligand,  expressed  on  B  cells,  have  all 
been  shown  to  mediate  positive  si  gnalsfor  B-cell 
acti  vat  i  on .  Act  i  vated  T  cel  I  s  cou  I  d  f  u  rther  sti  mu  I  ate 
APCs,  and  possi  bly  other  cytoki  ne-produci  ng  cel  Is, 
such  as  mast  cells,  neutrophils  and  endothelial  cells, 
to  rel  ease  cytoki  nes  that  mi  ght  further  ampl  ify  the  B- 
cell  I  g  response  to  bacterial  challenge. 
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